The zonal oscillation of the western Pacific subtropical high (WPSH) significantly influences the weather and climate over East Asia. This study investigates characteristics and mechanisms of the zonal variability of the WPSH on subseasonal time scales during summer by using a subseasonal WPSH (Sub-WPSH) index. Accompanied with the Sub-WPSH index, strong anticyclonic (cyclonic) anomalies are found over East Asia and coastal region south of 30°N on both 850 hPa and 500 hPa. During the positive period of the Sub-WPSH index, the WPSH extends more westward with enhanced precipitation over the Yangtze-Huaihe river basin and suppressed precipitation over the south of the Yangtze River in China. These precipitation anomalies can last for at least 1 week. While the subseasonal zonal variability of the WPSH is found to be closely associated with atmospheric teleconnections and local air-sea interaction, the mechanisms of the variability are different before and after mid-July (early and late summer). In both early and late summer, the East Asia/Pacific (EAP) wave train pattern affects the zonal shift of the WPSH by inducing a low-level anomalous anticyclonic/cyclonic circulation over the subtropical western Pacific, and this mechanism is stronger in late summer. In constrast, the influence of the Silk-Road pattern wave train is more important in the early summer. Meanwhile, in late summer, a stronger SST forcing on the atmosphere and a faster cycle of subseasonal variations of the WPSH are observed before the westward stretch of the WPSH, which could be related to the colder local SST anomalies. The westward stretch of the WPSH is accompanied by stronger anticyclonic anomalies in late summer.
Introduction
The western Pacific subtropical high (WPSH) is a basinscale anticyclone circulation system over the West Pacific in boreal summer (Tao and Chen 1987) . The WPSH is stronger and more stable in the lower-and mid-troposphere, and its variabilities are usually depicted by the 500 hPa or 850 hPa geopotential height fields (Tao and Zhu 1964) . The low-level southwesterly jet at the northwestern edge of the WPSH transports a large amount of water vapor into East Asia (Lu 2001; Zhou and Yu 2005) . Furthermore, the shape and intensity of the WPSH dominate the position of the Meiyu front in eastern China in summer, which is located between the monsoonal warm air and cold air from middle or high latitudes (Tao and Chen 1987; Chang et al. 2000a; Zhou and Yu 2005; Zhou et al. 2009; Mao et al. 2010; Lee et al. 2013) . Thus, the WPSH could strongly influence the weather and climate in East Asia during summer (Ding and Chan 2005; Lu and Dong 2001; Zhou and Yu 2009; Yang et al. 2013; Wu and Wang 2015) . The WPSH demonstrates remarkable seasonal variations. The northward advance of the WPSH is closely associated with the seasonal march of the monsoon rainfall zone in eastern China (Tao and Chen 1987; Ding and Chan 2005; Yang et al. 2013 ). On the other hand, the WPSH also exhibits both meridional and zonal changes on interannual to decadal time scales, which are 1 3 closely related to the low-frequency variations of the East Asian summer rainfall (Lu 2001; Lu and Dong 2001; Zhou and Yu 2009; Li et al. 2017) .
On subseasonal time scales, pronounced variability of the subtropical high is observed at the western edge of the WPSH (Huang 1963; Tao and Zhu 1964; Kawatani et al. 2008) , which significantly influences the location and intensity of the persistent heavy rainfall (PHR) events over eastern China by affecting low-level moisture transport (Wang et al. 2000b; Mao and Xu 2006; Liu et al. 2008; Mao et al. 2010) . When the WPSH stretches to the westernmost position, an anomalous anticyclone appears in the lower troposphere over East Asia and favors anomalous northward moisture transport from ocean to land. The warm and moist air from the tropics converges with the cool air over eastern China, providing preferable conditions for the PHR (Tao and Chen 1987; Mao et al. 2010 ). It has been previously shown that the PHR events in eastern China are accompanied with the zonal variability of the WPSH. For example, the 20-50-day variability of summer Yangtze rainfall is associated with the abrupt westward (eastward) shift of the WPSH (Mao et al. 2010) . Furthermore, both of the two leading intraseasonal variability modes (i.e., the biweekly and 21-30-day modes) of the Yangtze River basin summer rainfall are found to be associated with the zonal variability of the WPSH . By focusing on the variability of precipitation, these studies clearly suggest that the persistent precipitation anomalies over East Asia are closely associated with the subseasonal zonal variability of the WPSH. Several questions then arise regarding the subseasonal variability of the WPSH. What are the main characteristics of the subseasonal WPSH variability? What are the main areas in East Asia where precipitation anomalies are significantly affected by the WPSH on the subseasonal time scales? What are implications of the WPSH for the regional subseasonal precipitation forecasts? These questions will be addressed in this study.
The variability of the summer WPSH can be affected by air-sea interaction (Ren et al. 2013; Qian and Shi 2017) and Rossby wave trains (Chen and Zhai 2015; Enomoto et al. 2003; Yang et al. 2013) . Such wave trains include the East Asia/Pacific (EAP) teleconnection pattern in the meridional direction (Huang and Li 1987; Nitta 1987) in the middle troposphere, and the Silk-Road pattern (SRP) in the zonal direction (Lu et al. 2002, Hsu and Lin 2007) in the upper troposphere. During boreal summer, the EAP pattern, also referred to as the PJ (Pacific-Japan) teleconnection, has been recognized as one of the profound teleconnection patterns over the East Asia (Huang and Li 1987; Nitta 1987; Huang 1990) , and establishes a close linkage among the WPSH, the Mei-Yu front, and the Okhotsk high over Northeast Asia (Bueh et al. 2008) . It has been shown that the EAP pattern has significant impacts on summer rainfall over East Asia (Huang 1990; Lau and Weng 2002; Chen and Zhou 2014; Qian et al. 2014; Chen et al. 2017) , and the strength of the East Asian summer monsoon (Nitta 1987; Huang 2004; Huang and Sun 1992) . The EAP pattern also exhibits strong subseasonal variability (Li et al. 2014; Wang and Zhang 2015; Wu et al. 2013) . Wu et al. (2013) pointed out that the EAP index exhibits a statistically significant period of about 25-60 days. In addition, Wang and Zhang (2015) revealed that the EAP pattern has an evident peak on the biweekly time scales. On the other hand, the SRP is characterized by a teleconnection pattern trapped by the Asian upper-tropospheric westerly jet in summer (Lu et al. 2002) . Some studies have shown that the SRP exhibits significant variability on subseasonal time scales (Ding and Wang 2007; Enomoto et al. 2003, Hsu and Lin 2007) . Tao and Wei (2006) pointed out that the SRP forms a ridge (trough) along the east coast of China, and then leads to the northwestward advancement (southeastward retreat) of the WPSH. Furthermore, Yang et al. (2013) noted that the eastward propagation of the SRP in the upper-level westerly jet could be the origin of the biweekly variations over East Asia in early summer. Considering these two prevailing Rossby wave trains over the Western Pacific region, in this study we are particularly interested in whether these wave trains have impacts on the zonal subseasonal variability of the WPSH.
On the subseasonal time scale, local air-sea interaction is also non-negligible for the generation and propagation of atmospheric subseasonal variation in middle and low latitudes. Many previous studies have studied the subseasonal air-sea interaction over the tropical Indo-Western Pacific (Wu et al. 2008a, b; Hedon and Glick 1997) , the South China Sea (Wu 2010; Roxy and Tanimoto 2012; Vecchi and Harrison 2002) , and the Koroshio Extension region (Wang et al. 2012 ) during boreal summer. However, the relationship between the WPSH and sea surface temperatures (SST) on the subseasonal time scale is still unclear. Ren et al. (2013) suggested that the positive SST anomalies (SSTAs) over the coastal region of East Asia play an important role on the eastward retreat of the WPSH on subseasonal time scales. In addition, Qian and Shi (2017) indicated that SSTAs over the tropical Indian Ocean and the tropical western Pacific are crucial for the subseasonal zonal variability of the WPSH. These studies indicated that the local SSTAs, which could be responses to the atmospheric forcing associated with the later stage of zonal variability of the WPSH, are responsible for the eastward retreat of the WPSH. However, fewer attention has been paid on the effects of local SSTAs on atmosphere during the early stage of the WPSH.
To better understand the persistent precipitation anomalies over East Asia during summer, this study attempts to investigate the basic features and mechanisms of the zonal variability of the WPSH on subseasonal time scales. The 1 3 following questions will also to be addressed in this study: what are the differences between high and low levels of wave trains associated with the subseasonal zonal variability of the WPSH? How does the air-sea interaction modulate the intensity and period of the WPSH? Section 2 introduces the data, the definition of the subseasonal WPSH zonal index, and statistical analysis methods used in this study. Section 3 investigates basic features of subseasonal zonal variability of the WPSH, and its connection with precipitation over East Asia and SSTAs on subseasonal time scale. The role of wave trains on the WPSH variability in early and late summer are examined in Sect. 4. Section 5 discusses the difference between air-sea interaction in early and late summer. A summary and discussions are given in Sect. 6.
Data and method

Data
The daily precipitation data over land ) is used in this study from the Asian Precipitation-Highly Resolved Observation Data Integration Towards Evaluation of Water Resources (APHRODITE), which is conducted by the Research Institute for Humanity and Nature (RIHN) and the Meteorological Research Institute (MRI) of the Japan Meteorological Agency (JMA) (Xie et al. 2007; Yatagai et al. 2012 ). The dataset is created primarily from a rain gauge observation network. The APHRO_V1101 dataset used in this study covers the area of 15°S-55°N, 60°-150°E with a high-resolution of 0.5° × 0.5°. Another daily precipitation data over land on 1° × 1°grid from the Global Precipitation Climatology Project is used (GPCP; Huffman et al. 2001) , which combines both ground and satellite observations, and spans the period of 2008-2015 as an extension of the APHRO_V1101 dataset. Besides, daily mean outgoing longwave radiation (OLR) with a spatial resolution of 1° × 1° from the National Oceanic and Atmospheric Administration (NOAA) is used as a proxy for daily rainfall over tropical oceans and land (Liebmann and Smith 1996) . The primary datasets for daily atmospheric circulation are obtained from two reanalyses for the period 1979-2015: (1) the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis products (Kalnay et al. 1996) ; (2) the global European Centre for Medium-Range Weather Forecasts (ECMWF) interim reanalysis (ERA-Interim; Dee et al. 2011 ). There are no significant differences in the atmospheric circulation results obtained from these two datasets. Thus, only results from the ERA-Interim are shown in this study. The SST dataset used in this study is extracted from the ERA-Interim for the same period with a spatial resolution of 0.75° × 0.75°. This study focuses on the boreal summer season from June to August.
Methods
The subseasonal variations of the summer WPSH are measured by geopotential height anomalies at 500 hPa (Z500). The subseasonal variability signals are obtained from the unfiltered daily time series by firstly taking a 5-day running mean after removal of the daily climatology, and then subtracting the corresponding summer mean in each year to remove the interannual signals (Krishnamurthy and Shukla Ren et al. 2015) . Figure 1a shows the standard deviation of subseasonal Z500 anomalies during summer from 1979 to 2015. A local maximum Z500 variability center is noted over the domain (10-30°N, 110-140°E), which is defined as the core region in this study. A subseasonal zonal variability index of the WPSH (hereafter the Sub-WPSH index) is then defined by the subseasonal JJA Z500 anomalies averaged over this core region. Note that this core region for the subseasonal Z500 variability is largely the same as that for the interannual variability of the WPSH index proposed in previous studies (Lu 2001; Wu et al. 2008a, b) . A positive Sub-WPSH index represents the subseasonal westward extension of the WPSH, while the eastward retreat of the Sub-WPSH is represented by a negative index. Figure 1b displays the time series of the daily Sub-WPSH index for the summers during 1979-2015. A period of 10-40 days in the Sub-WPSH index is clearly illustrated by the power-spectral analysis (Fig. 1c) . A positive (negative) case is identified when the Sub-WPSH index exceeds positive (negative) one standard deviation and persists for at least 3 days. According to this criteria, 51 positive cases and 59 negative cases are identified during the summers of 1979-2015. The lead-lag composites can then be conducted for the selected positive and negative events. The day corresponding to the maximum (minimum) in the Sub-WPSH index for each positive (negative) case is defined as day 0. Each negative (positive) lag day indicates the particular day leads (lags) day 0.
Since climatologically a northward jump of the WPSH occurs in mid-July, very different characteristics in summer rainfall has been suggested over East Asia before and after mid-July due to remarkable differences in the state of mean circulation (Tao and Chen 1987; Lu 2001; Ding and Chan 2005) . Thus, in the following analysis we further divide the whole summer into two periods (early summer from June 1 to July 15 and late summer from July 16 to August 31).
A daily EAP index is defined by Z500 anomalies over three locations, namely, the subtropical western Pacific, midlatitudes of East Asia, and Okhotsk Sea, following previous studies (Eq. 1, Nitta 1987; Kosaka and Nakamura 2006; Bueh et al. 2008; Hirota and Takahashi 2012) . Similarly, the SRP index is defined using daily Z200 anomalies over three other representative activity centers (Eq. 2, Wakabayashi and Kawamura 2004) (1)
3 Characteristics of the zonal variability of the Sub-WPSH Figure 2 illustrates composite patterns of lower-tropospheric circulation, SST, and precipitation anomalies based on 51 positive and 59 negative cases at day 0. When the Sub-WPSH index is positive, the wind anomalies at 850 hPa are characterized by a strong anomalous anticyclonic circulation over the core region (10-30°N, 110-140°E) and a relatively weak cyclonic circulation to the northeast of the core region (Fig. 2a) . The anomalous anticyclone at 850 hPa and positive Z500 anomalies over the core region indicate the westward extension of the WPSH (Fig. 2a) . The western edge of the WPSH, represented by the western part of the 5880-gpm isoclines at 500 hPa geopotential height field (hereafter 5880-line), extends westward to 115°E. The anomalous anticyclone in the lower and middle troposphere over the core region favors northward moisture transport to the Yangtze-Huaihe river basin. At the same time, the anomalous cyclone to the north of the core region enhances southward transport of cold air. These anticyclone and cyclone circulation anomalies at 850 hPa together lead to low-level convergence and above-normal precipitation over the Yangtze-Huaihe river basin. Meanwhile, below-normal precipitation is seen over the south of the Yangtze River (Fig. 2e) . These precipitation anomalies can last for at least a week. Note that this anomalous precipitation pattern associated with the subseasonal WPSH variability is quite different from the distribution of subseasonal precipitation anomalies over East Asia as described in Mao et al., (2010) . For example, two precipitation patterns are identified by Mao et al. (2010) , with the first empirical orthogonal function (EOF) mode characterized by a dipole-like precipitation pattern over eastern china and the second EOF mode dominated by coherent rainfall variations throughout the entire Yangtze Basin. Therefore, the anomalous rainfall pattern associated with the Sub-WPSH shown in Fig. 2 may reflect a combined pattern of those corresponding to the two EOF modes, which will be further discussed in Sect. 4.1. The patterns of Z500 and precipitation anomalies for negative cases (Fig. 2b ) largely mirror those for positive cases with opposite signs. Accompanied by the westward extension of the Sub-WPSH, positive SSTA are evident over the western edge of the WPSH for positive Sub-WPSH index cases (Fig. 2c) , while negative SSTAs are observed for the negative cases (Fig. 2d) . The simultaneous composites of subseasonal OLR anomalies for positive cases show that convection is slightly enhanced over the north of 30°N and strongly suppressed south of 30°N (Fig. 2e) . The spatial distribution of OLR anomalies for negative cases is approximately reversed to those for positive ones.
The WPSH is usually respresented by the 5880 geopotential meter (gpm) isoline at 500 hPa or the 1490 gpm isoline at 850 hPa (hereafter the 5880-line and the 1490-line). Composites of the 5880-line at 500 hPa and the 1490-line at 850 hPa for the positive and negative Sub-WPSH cases at lag days from − 8 to + 8 are shown in Fig. 3 . The zonal variability of the Sub-WPSH can be clearly seen in Fig. 3 . For positive Sub-WPSH cases (Fig. 3a) , the westernmost edge of the 5880-line is located near 134°E at day − 8. Then, it stretches westward from day − 6 and finally reaches the westernmost location at day 0. After that, the western part of the WPSH begins to withdraw eastward (Fig. 3c) . For positive Sub-WPSH cases the WPSH at 850 hPa exhibits similar evolution features, namely, first westward then eastward migration as denoted by the 1490-line (Fig. 3e, g ). However, for negative cases, both the 5880 (Fig. 3b, d ) and 1490 lines (Fig. 3f, h ) exhibit zonal variability with eastward movement from day − 8 to 0, and then westward movement from day 0 to 8.
To investigate the temporal evolution characteristics related to the Sub-WPSH, the lagged composites of Z500, SST and precipitation anomalies for positive and negative Sub-WPSH index cases are plotted in Fig. 4 . A positive Z500 anomalous center is seen over the eastern part of the core region at day − 4, then moves westward with increasing strength in the following days, and reaches its maximum intensity at day 0 (Fig. 4a) . After that, the positive Z500 center continues moving westward, meanwhile it starts to be weakened after day 0, and finally disappears at day + 8. This evolution feature in the Z500 anomalies is consistent with the zonal migration of the 5880-line as discussed in Fig. 3 associated with subseasonal movement of the WPSH, a north-south dipole pattern with opposite rainfall anomalies is discerned over the Yangtze River region (Fig. 4b) . Meanwhile, negative SSTAs are evident over the core region before day 0, then quickly change to positive values around day 0, and gradually increase after day 0 (Fig. 4a) . In addition, a precipitation index is defined as precipitation anomalies averaged over two regions (R1: 29-37°N, 100-122°E, and R2: 20-29°N, 105-122°E), which shows a Fig. 4 a Lagged composites of the geopotential height anomaly at 500 hPa (green contours), SST anomaly (shaded) and the 5880-line (black contours) for positive Sub-WPSH cases. The lags show a range from − 8 to + 8 days with an interval of 4 days. The dots denote the areas with significant at 95% confidence level for SST. Red solid box indicates the key domain (10-30°N, 110-140°E) . b Lagged composites of rain anomaly (shaded) and OLR (purple contours). The shading areas are significant at 90% confidence level. Two precipitation domains are also defined as Fig. 2 largely out of phase relationship as shown in Fig. 5b. Figure 5a again shows negative SSTAs over the core region before day 0 in association with the westward extension of the Sub-WPSH, while positive SSTAs start to develop at day 0 when the maximum positive Z500 anomalies are observed,, implying that the positive Z500 anomalies lead positive SSTAs by several days. Additionally, the precipitation anomalies over R1 reaches the maximum at day 3, lagging the positive Z500 anomalies by about 3 days. Hence, the Sub-WPSH index can be a useful predictor for subseasonal precipitation prediction over East Asia. For negative Sub-WPSH cases, Fig. 5b largely shows a mirror image of positive Sub-WPSH cases.
Characteristics of wave trains in early and late summers associated with the Sub-WPSH
Two wavetrain patterns associated with Sub-WPSH
As mentioned in the introduction, Rossby wave trains can influence the position and intensity of the WPSH. Here, impacts of the two prevailing mid-latitude Rossby wave trains, i.e., the EAP and SRP wave trains, on the WPSH in early and late summer are examined. Figure 6 illustrates lag-correlations of the Sub-WPSH index against the EAP and SRP indices, respectively. A positive correlation between the EAP and Sub-WPSH indices at lag day 0 is clearly seen in late summer (Fig. 6b) , but no significant correlations between these two indices in early summer (Fig. 6a) . However, if the high-latitude anomalous Z500 center is excluded when calculating the EAPI (i.e., defined as
EAP-II I = 1∕2Z500 (20
• N, 120
• E) ), a significant positive correlation between the EAP-II and Sub-WPSH indices is clearly seen for both early and late summer (Fig. 6d) , with a slightly higher correlation in late summer than that in early summer (Fig. 6c) . For lag correlations between the SRP and Sub-WPSH indices (Fig. 6e, f) , a positive correlation is evident in early summer (Fig. 6e) with the maximum correlation at day 0. However, no significant correlation is found in late summer, only a small positive correlation is found when the SRPI leads the Sub-WPSH index (Fig. 6f) .
However, the EAP and SRP wave trains cannot be clearly seen in the upper and lower troposphere in composite results based on the Sub-WPSH index (figure not shown). The analyses in Sect. 3 have shown an opposite sign in precipitation anomalies between the Yangtze-Huaihe river basin and the south of the Yangtze River accompanied with the zonal variability of Sub-WPSH, which could be due to the combination of the two leading subseasonal precipitation modes as described by Mao et al. (2010) . If these two modes are affected by different wave trains, composites based on subseasonal precipitation might not express the different wave trains. To further elaborate this point, a similar EOF analysis following Mao et al. (2010) is conducted for subseasonal daily rainfall data in eastern part of China for June-August during 1979-2015 to obtain the two leading modes of precipitation. Figure 7 shows the first (EOF1) and second (EOF2) mode of subseasonal rainfall variation, explaining 17.7% and 13.0% of variances, respectively. The EOF1 (Fig. 7a ) exhibits a north-south dipole pattern with opposite precipitation anomalies over the south and north of the Yangtze River. In contrast, EOF2 (Fig. 7c) captures coherent rainfall variations throughout the entire Yangtze Basin. These results are consistent with Mao and Wu (2010) . The dominant periods of PC1 and PC2 are both 10-40 days (Fig. 7b, d ), in agreement with the primary period of the Sub-WPSH index. The relationships among the EAP, SRP indices and PC1 (PC2) can be clearly seen in their lag correlations (Fig. 8) . Positive correlations can be clearly seen between the EAP index and PC2 (Fig. 8c) , and also between the SRP index and PC1 (Fig. 8b) . Thus, the subseasonal rainfall variability over the eastern China as denoted by the EOF1 tends to be linked to the SRP, while EOF2 pattern reflects influences on the regional precipitation by the EAP. The characteristics of the two wave trains are further examined by composites based on cases when PC1 or PC2 exceeds + 1 (− 1) standard deviation.
Upper troposphere wave trains with Sub-WPSH
In order to explore the possible influences of the SRP wave train on the Sub-WPSH, positive and negative cases are selected for composite analyses when the PC1 exceeds positive (negative) one standard deviation and persists for at least 3 days. During early summer, the "Silk Road pattern"-like Rossby wave train can be clearly seen in the upper troposphere during the evolution of the EOF1 rainfall pattern (Fig. 9a) . The wave train along the Asian westerly Jet propagates eastward, starting from the Aral Sea, via northwest of Tibetan Plateau (TP), and then arrives at the north of the core region. Thus, the appearance of the upper-level anomalous anticyclonic circulation over the northern part of the core region at day 0 as shown in Fig. 4 is part of the propagating SRP wave train. From day 0 to + 8, the anticyclonic circulation finally dissipates south of Japan. In contrast, the eastward-propagating wave train in the upper troposphere cannot be clearly seen in late summer (Fig. 9b) . The close association between the PC1 and the SRPI in early summer could be due to the strong jet stream which serves as a waveguide for the Rossby wave propagation Terao 1998) . In contrast, the wave-guide becomes weakened in late summer, therefore the SRP wave train is not clearly seen. These results indicate that the SRP plays a dominant role for subseasonal precipitation variability over East Asia in early summer. In next section, we will further show that the EAP pattern is closely linked to the rainfall EOF2 mode.
Wave trains in the middle troposphere with the Sub-WPSH
Now that the EOF1 of precipitation is shown to be related to the SRP wave train in early summer, a question to be addressed in this part is whether the the second mode (EOF2) is associated with the two wave trains considering the Sub-WPSH variation? A similar composite analysis is conducted based on the PC2 time series (Fig. 10) . In late summer, a meridional triple structure of the EAP pattern is well established from day − 4 to 0. Especially at day 0, two centers of positive Z500 anomalies are clearly seen, one near the sea of Okhotsk and the other near the subtropical western Pacific area, and negative Z500 anomalies are sandwiched between them (Fig. 10b) . The positive Z500 anomalies associated with the EAP is evident over the core region, in accord with the westward extension of the WPSH. After day 0, the WPSH retreats eastward with decrease of the positive Z500 anomalies over the core region. Similarly, there are positive Z500 anomalies over the core region and negative Z500 anomalies over north of the core region at day 0 in early summer (Fig. 10a) . Compared with late summer, there are no obvious positive anomalies at high latitudes at this time. The two anomalous Z500 centers at mid-low latitudes first appear at day − 8 and persist for several days. The positive Z500 anomalies over the core region switch from positive to negative values from day 0 to 8, indicating the eastward retreat of the WPSH. Thus, it is suggested that the EAP is connected with subseasonal rainfall variability over East Asia in both early and late summer, while the SRP pattern has impacts in early summer.
Local air-sea interaction during Sub-WPSH zonal variability
5.1 Evolution of subseasonal SSTA and Z500 anomalies Figure 5 shows that local air-sea interaction has an effect on the later stage of the zonal variability of the Sub-WPSH, but is there a difference between early and late summer? To investigate this question, the lagged composites of subseasonal SSTAs are performed for the positive Sub-WPSH cases in early and late summer, respectively (Fig. 11) . In both early and late summer, negative SSTAs are found over the core region during the westward extension of the WPSH, with a stronger SSTA amplitude in late summer than that in early summer. After day 0, the warm SSTAs in late summer is stronger than that in early summer during the eastern retreat of Sub-WPSH. Figure 12 displays the composite Z500, Z850, and SST anomalies averaged over the core region in early and late summer. The negative SSTAs in the early stage of the westward extension of the WPSH (before day 0) are associated with increase of Z500 and Z850 anomalies in early summer. As a result, the Z500 and Z850 anomalies in early summer are stronger than that in late summer at day 0. The larger SSTA after day 0 forms an unfavorable condition for maintaining the Z500 and Z850 anomalies in early summer, speeding up the decline of local anticyclonic anomalies. Thus, the maintenance cycle of Z500 and Z850 anomalies in late summer is shorter than that in early summer. 
Role of anomalous westward extension of the Sub-WPSH on SST changes
The subseasonal atmospheric circulation may influence the SSTA by changing atmospheric radiation, the sea surface heat fluxes, and the upper ocean processes. Previous studies have demonstrated that the former plays a dominant role on subseasonal timescales (Wu 2010; Roxy and Tanimoto 2012) . The westward extension of the WPSH has a crucial role in generating positive SSTA via above-normal incident solar radiation and below-normal surface latent heat release. Thus, we analyze the forcing of the Sub-WPSH on the local SSTA by examining radiation and heat fluxes at the air-sea interface. Figure 13 displays the Hovmoller plots of subseasonal anomalies of Z500, SST, the net solar radiation, OLR, latent heat flux at the air-sea interface, and 10-m wind speed averaged over 10-30°E for positive Sub-WPSH cases in early and late summer. Positive anomalies of OLR and net solar radiation are associated with suppressed convection during the westward extension of the WPSH (Fig. 13c) . Meanwhile, the decreased 10-m wind speed is responsible for the positive latent heat flux anomalies (Fig. 13e) . Therefore, both solar radiation and surface latent heat anomalies favor the warming of local SST, leading to positive SSTAs (Fig. 13a) . Anomalous anticyclones both in early and late summer can produce warm SST through the above mentioned processes. In late summer, stronger forcing of SST on the atmosphere is found possibly due to the colder local SSTA before the westward stretch of positive Sub-WPSH variability, which leads to stronger anticyclonic anomalies and thus more incident solar radiation to the ocean (Fig. 13d) . The positive OLR is stronger in late summer than early summer, suggesting suppressed convective activity during late summer (Fig. 13d) . The negative latent heat flux resulting from the decreased lower-level wind speed suggests that the ocean releases less latent heat to the atmosphere (Fig. 13f) . Thus, the anomalous anticyclone in late summer is stronger than that in early summer, consistent with the stronger SSTA in late summer (Fig. 13b) . Figure 14a , b show the composites of the net solar radiation anomalies, OLR, latent and sensible heat fluxes at the air-sea interface, 10-m wind speed averaged over 10-30°E, 110-140°N for positive Sub-WPSH cases in early and late summer. The OLR and net solar radiation anomalies increase gradually to above-normal values, accompanied by positive geopotential height anomalies at 500 hPa from day − 8 to 0. The positive OLR and net solar radiation anomalies indicate suppressed convective activity and more solar insolation. Meanwhile, the latent and sensible heat fluxes switch from positive to negative as a result of the decreased 10-m wind speed. Therefore, the ocean releases less latent heat to the atmosphere. The solar radiation and latent heat anomalies then result in the warming of local SST. Accompanied by the decrease of geopotential height anomalies at 500 hPa after day 0, the solar radiation becomes weaker and the latent heat release increases. Thus, the positive SSTA becomes indistinct. Anomalous anticyclones both in early and late summer can produce warm SST through the above mentioned processes. However, the anomalous anticyclone in late summer is stronger than that in early summer, which leads to warmer SSTA in late summer.
Distinct effects of SST anomaly on the early and later stages of Sub-WPSH
Many other previous studies (Ren et al. 2013; Qian and Shi 2017) have demonstrated the existence of the SST forcing on the atmosphere over the Northwestern Pacific during summer, emphasizing the weakening effect of local warm SSTA on the WPSH. However, in the early stage of the Sub-WPSH, distinct differences in local negative SSTAs exist between early and late summer. Then, what is the effect of the cold SSTAs on the subseasonal air-sea interaction? Fig. 12c displays the composites of Δ e averaged over 10-30°E, 110-140°N for positive Sub-WPSH cases in early and late summer. Before day 0, colder SST with increased SST gradient (figure not shown) in late summer leads to a convectively stable condition in the lower atmosphere, which favors generation of anomalous anticyclonic circulation in the mid-to-lower levels during the westward extension of the WPSH. After day 0, local positive SSTAs lead to convectively unstable condition both in early and late summer, diminishing the preexisting anomalous anticyclonic circulation in the mid-lower levels (Wu 2010; Roxy and Tanimoto 2012; Wang et al. 2012) . The positive SSTAs then weaken the anomalous anticyclone, and lead to the eastward retreat of the WPSH and a faster weakening of the local anomalous anticyclone. Thus, the forcing of local SSTA on the Sub-WPSH changes from a positive one to a negative one.
Summary and discussion
This study investigated characteristics and mechanisms of the zonal displacement of the WPSH on subseasonal time scales, by using daily reanalysis data from 1979 to 2015. A Sub-WPSH index, with a dominant period of 10-40 days, was defined by subseasonal anomalies of Z500 averaged over the core region (10-30°N, 110-140°E), which can well depict the zonal variations of the WPSH over its western edge. Based on the index, 51 (59) an anomalous anticyclone at 850 hPa are sustained over the core region. Meanwhile, positive SSTAs are evident beneath the western edge of the Sub-WPSH. Above-normal rainfall over the Yangtze-Huaihe river basin and below-normal precipitation over the south of the Yangtze River are maintained for at least 1 week accompanied by the subseasonal westward extension of the Sub-WPSH. During negative events, the Sub-WPSH is located more eastward with opposite local SSTA and persistent precipitation anomalies compared with the positive events. Figure 15 depicts the effect of wave trains and air-sea interaction on the WPSH. Considering the influences of mid-latitude atmospheric wave trains on the Sub-WPSH, the zonal variability of the Sub-WPSH in early summer is shown to be associated with two wave trains: the EAP wave train pattern in the middle troposphere and the SRP wave train in the upper troposphere. In early summer, an upperlevel anomalous anticyclone over the core region, responsible for the subseasonal westward extension of the WPSH, tends to be associated with propagation of both the EAP and SRP wave trains. Low latitude and mid-latitude signals have common influences on the WPSH during early summer. The propagation of the mid-latitude wave train (SRP) may cause the eastward extension of the South Asia high and divergence in upper troposphere. Thus, ascending motion over the Yangtze-Huaihe basin and descending motion over the subtropical western Pacific are established accompanied by the westward extension of the WPSH, and the anomalous heating over the Yangtze-Huaihe basin is further conducive to the WPSH's westward extension (Guan et al. 2018 ). In contrast, the zonal shift of the Sub-WPSH in late summer is merely affected by the EAP wave train, and the EPA wave train is clearly stronger at this time. Subseasonal air-sea interaction also has a role on the zonal displacement of the Sub-WPSH. There are two distinct phases during evolution of the Sub-WPSH: first westward extension and then eastward retreat. The local SSTAs have different effects during the two stages of the Sub-WPSH zonal shift. At the early stage of the Sub-WPSH stretching westward, negative SSTAs cover the East Asian coastal water south of 30°N. This forms a favorable condition for intensification of the local anomalous anticyclone. Then, the anticyclonic anomalies lead to increase of local SSTAs by changing radiation and heat fluxes at the air-sea interface. During the eastward retreat stage, positive SSTAs persist for several days, which promotes the transition of low-level circulation from anticyclonic to cyclonic anomalies. After that, the positive SSTAs gradually decrease. Due to the stronger negative local SSTAs during the first stage of Sub-WPSH in late summer, stronger anticyclonic anomalies are observed which induce stronger solar radiation into the ocean. As a result, the local warmer SSTAs during the second stage of the Sub-WPSH quickly weaken the anticyclonic anomalies with a shorter maintenance cycle than that in early summer. Therefore, the local air-sea interaction is another cause of the zonal variability of the Sub-WPSH.
While the relationship between two wave trains and zonal variability of the Sub-WPSH have been addressed in this study, the detailed mechanisms for the EAP and SRP wave trains require further study. Moreover, this paper only provides observational studies focusing on the effect of subseasonal air-sea interaction on the WPSH; numerical simulations are required in the future study to confirm the several processes identified in this study. Experiments based on atmosphere-ocean coupled and atmospheric-only models will be useful to to investigate different roles of the air-sea interaction for the subseasonal WPSH variations during early and late summers.
